Coronins, WD-repeat actin-binding proteins, are known to regulate cell motility by coordinating actin filament turnover in lamellipodia of migrating cell. Here we report a novel mechanism of Coronin 1C-mediated cell motility that involves regulation of cell-matrix adhesion. RNAi silencing of Coronin 1C in intestinal epithelial cells enhanced cell migration and modulated lamellipodia dynamics by increasing the persistence of lamellipodial protrusion. Coronin 1C-depleted cells showed increased cell-matrix adhesions and enhanced cell spreading compared to control cells, while overexpression of Coronin 1C antagonized cell adhesion and spreading. Enhanced cell-matrix adhesion of coronin-deficient cells correlated with hyperphosphorylation of Focal Adhesion Kinase (FAK) and paxillin, and an increase in number of focal adhesions and their redistribution at the cell periphery. siRNA depletion of FAK in coronin-deficient cells rescued the effects of Coronin 1C depletion on motility, cell-matrix adhesion, and spreading. Thus, our findings provide the first evidence that Coronin 1C negatively regulates epithelial cell migration via FAK-mediated inhibition of cell-matrix adhesion.
Introduction
Migration of epithelial cells plays a vital role in a number of physiological and pathological processes, such as embryogenesis, epithelial renewal, wound healing, and tumor metastasis. Mechanistically, cell migration represents a cyclic process involving extension of lamellipodia at the leading edge, adhesion of protruded lamellipodia to the extracellular matrix, and finally retraction of the trailing edge [1;2] . The protrusion of lamellipodia is induced by controlled turnover of actin filaments, where the Arp2/3 complex nucleates new branched actin filaments, and existing filaments are disassembled by ADF/cofilin [3] . Cell-matrix adhesion is mediated by focal adhesions (FAs) whose main constituents are integrins and adaptor proteins. The former interact with the extracellular matrix whereas the latter link integrins to the actin cytoskeleton and participate in intracellular signaling [4] .
Coronins are evolutionary conserved WD-repeat actin-binding proteins known to regulate various cellular processes involving actin dynamics [5] . Coronin protein family encompasses 7 proteins in mammals [6] , divided into three subclasses based on sequence similarity: Type I, II and III [5] . The Type I subclass (Coronins 1A, 1B, and 1C) is the most studied coronin subfamily. Coronins 1A and 1B localize at the leading edge of lamellipodia [7;8;9] , physically interact with Arp2/3 complex, and regulate the protrusion of lamellipodia and cell migration [7;8;10] . Recently, Coronin 1B has been shown to act as a coordinator of filament nucleation and disassembly by bridging together Arp2/3 complex and slingshot 1L, an activator of cofilin, thus controlling actin filament dynamics and architecture at the leading edge of the migrating cell [11] .
Coronin 1C is ubiquitously expressed in most tissues [7;12;13;14] , localizes at the sites of active actin dynamics, such as lamellipodia and membrane ruffles [15] and coimmunoprecipitates with Arp2/3 complex and cofilin [16] . However, unlike Coronin 1A and 1B, Coronin 1C has not been extensively characterized, and its role in regulating motility of epithelial sheets is not understood. Here we report a novel mechanism for regulation of motility of intestinal epithelial cells (IECs) by Coronin 1C, which involves negative regulation of cellmatrix adhesion through FAK-mediated signaling.
Materials and Methods

Antibodies
Anti-Coronin 1C mouse polyclonal and monoclonal, and anti-Coronin 1B mouse monoclonal antibody were purchased from Abnova (Taipei, Taiwan). Anti-paxillin mouse monoclonal antibodies were obtained from Zymed (Zymed Labs, San Francisco, CA). Anti-FAK, antiphospho(Y118)paxillin, anti-phospho(T18/S19)RMLC rabbit polyclonal antibodies and antiphospho(S19)RMLC mouse monoclonal antibodies were from Cell Signaling (Cell Signaling Technology, Beverly, MA). Anti-phospho(Y397)FAK mouse monoclonal antibody were from BD Biosciences (San Jose, CA). Rabbit polyclonal anti-actin antibodies were from Sigma (Sigma Chemical Co., St. Louis, MO). Anti-RMLC rabbit polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa 488/546-conjugated goat anti-mouse, goat anti-rabbit and donkey anti-rabbit antibody were purchased from Molecular Probes (Eugene, OR). Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse secondary antibodies were from Jackson Immunoresearch Labs (West Grove, PA).
Cells, DNA transfection and RNA interference
SK-CO15 (gift of Dr. E. Rodriguez-Boulan, Weill Medical College of Cornell University, NY) and Caco-2 (ATCC, USA) human colonic epithelial cells were grown as described previously [17] . For DNA and RNA transfection cells were plated at ∼75% confluency, transfected the next day and were used in experiments 24 and 72 hours after transfection respectively. Full length Coronin 1C construct in pEGFP-C1 vector were generated as described previously [15] and transfected into cells using Lipofectamine 2000 (Invitrogen) according to manufacturers protocol. Empty pEGFP-C1 vector (Clontech) was used as a control. Human Coronin 1C siGENOME duplex 4 and PTK2 siGENOME SmartPool (Dharmacon, Lafayette, CO) were used to downregulate Coronin 1C and FAK respectively. Scramble duplex 2 SmartPool siRNA (Dharmacon) has been used as a control. RNA transfection was carried out in OPTI-MEM I media (Invitrogen) with 50 nM siRNA using Dharmafect 1 siRNA transfection reagent (Dharmacon) according to standard protocol.
Cell migration assay and live cell microscopy
For microscopy, confluent monolayers growing on collagen-I received a single linear wound using a sterile 20 μL pipette tip attached to low suction. 10×10 wounds per monolayer were created for Western Blot analysis. Live cell microscopy was performed in CO 2 -independent medium (Invitrogen) using heated cabinet and thermally-controlled microscopy stage (Brook Industries, USA) mounted on Carl Zeiss Axiovert microscope equipped with Zeiss AxioCam MRc5 camera.
Cell adhesion/spreading assay
Confluent cells were trypsinized, washed with Hanks' balanced salt solution (Sigma) containing 0.1% BSA and re-plated on coverslips coated with ECM gel (Sigma) or collagen-I (BD Biosciences, USA) at a density of 10 5 cells/1.9cm 2 . For cell adhesion assay cells were allowed to adhere for 3 hours, and non-adherent cells were removed by repeated washing with complete media. For cell spreading assay, cells were allowed to spread for additional 8 hours. Cells overexpressing EGFP and EGFP-Coronin 1C were detached from the substrate using Accutase (Innovative Cell Technologies, USA) followed by resuspension in cell sorting buffer (PBS containing 25mM HEPES pH 7.0, 1mM EDTA and 0.1% BSA). EGFP-positive, propidium iodide-negative cells were sorted on a FACSVantage SE (BD Biosciences). The purity of sorting was greater than 95%. Cells were counted manually, and cell surface was measured using MetaMorph software. A total of at least 10 microscopic fields were analyzed per group in each experiment.
Immunofluorescence labeling and confocal microscopy
Cells were fixed in 3.7% paraformaldehyde (PFA) for 15 min and subsequently permeabilized with 0.5% Triton X-100 for 10 minutes at RT. Cells were blocked in Hanks' balanced salt solution (Sigma) containing 1.5 % BSA, and sequentially incubated with primary and Alexaconjugated secondary antibodies (Molecular Probes) for 1 hour at RT. Nuclei were stained with ToPro-3 iodide (Molecular Probes), followed by mounting on slides using Pro-Long Gold Antifade medium (Molecular Probes). Stained monolayers were analyzed using Zeiss LSM510 laser scanning confocal microscope (Zeiss Microimaging Inc., USA) equipped with Zeiss Planapochromat 63×/1.4 Oil lenses. Images shown are representative of at least three independent experiments with multiple images taken per slide.
Image analysis
Wound widths were measured using Scion Image software (Scion Image Corp., USA). Five measurements along the wound length were averaged to determine the wound width. Kymographs were produced using MetaMorph software (Molecular Devices, USA) by taking 1-pixel-wide rectangular regions in the direction of edge movement as shown. For cell adhesion/spreading assay, cells were counted manually, and cell surface was measured using MetaMorph software. A total of at least 10 microscopic fields were analyzed per group in each experiment. For quantification of FAs phospho(Y118)paxillin-positive pattern was thresholded with the same level in all specimens and the integrated surface area of FAs was measured using NIS Elements software (Nikon Inc., USA). To determine the density of FAs along the cell periphery, the total surface of FAs was devided by the cells perimeter length.
Immunoblotting
Cells were scraped in RIPA buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% Na deoxycholate, 2 mM EGTA, 2 mM EDTA, 0.1% SDS) containing protease inhibitor cocktail (1:100, Sigma) and phosphatase inhibitor cocktails 1 and 2 (both at 1:200, Sigma) and homogenized using Wheaton glass homogenizers (Wheaton Industries Inc., USA). Lysates were cleared by centrifugation at 14,000g for 10 minutes at 4°C and equalized for total protein concentration using BCA protein quantification assay (Pierce Biotechnology, USA). Samples were boiled in SDS sample buffer and subjected to SDS-PAGE and Western blotting with 30 μg of total protein per lane. Membranes were blocked with either bovine serum albumin (BSA) (for detection of phosphorylated proteins) or dry milk for 1 hour at room temperature (RT) and incubated with primary antibodies in blocking buffer overnight at 4°C. The results shown are representative immunoblots of three independent experiments.
Statistics
All data shown are representative of at least three independent experiments and expressed as the mean ± standard error of the mean (S.E.). The results were compared by either two-tailed Student's t-test, or a post-hoc Bonferroni test following repeated measures two-way ANOVA with statistical significance assumed at p<0.05.
Results and Discussion
To address the role of Coronin 1C in the epithelial cell motility, we down-regulated its expression in a SK-CO15 intestinal epithelial cells (IEC) using RNA interference. siRNA treatment dramatically (∼85%) and specifically reduced the expression level of Coronin1C, but not the closely related Coronin 1B (Fig. 1A) . Coronin 1C-depleted cells demonstrated increased migration rate resulting in more efficient wound closure in scratch-wound assays (1.75±0.15 fold of scramble control) ( Fig. 1B ). This correlated with dramatic changes in lamellipodia dynamics at the leading edge of migrating IECs. While control cells rapidly extended multiple spiked lamellipodia (Fig. 1C , upper panel) followed by their rapid retraction (Fig. 1C, upper kymograph) , Coronin 1C-deficient cells formed flat and rounded lamellipodia (Fig. 1C, bottom panel) , that rarely retracted (Fig. 1C, bottom kymograph) , thus providing more persistent forward motility of the leading edge and significantly enhancing the overall distance protruded over time (Fig. 1C) .
The protrusion of lamellipodia is a dynamic process involving both actin-mediated extensions and retractions, and anchoring lamellipodia to the extracellular matrix (ECM) [18] . We therefore reasoned that the increased persistence of lamellipodial protrusion in Coronin 1Cdeficient cells might be mediated either through decreased retraction, or enhanced cell-matrix adhesion. Retraction of lamellipodia depends on the activity of the major F-actin motor, nonmuscle myosin II [19] , which is regulated by phosphorylation of its regulatory light chain (RMLC) on either one (Ser19), or two (Ser19/Thr18) residues [20] . However, down-regulation of Coronin 1C did not significantly alter the levels of mono-and diphosphorylated RMLC in migrating IECs, which suggests unaltered myosin II activity ( Fig. 2A) and argues against the role of diminished retraction in the increased lammelipodial protrusion observed in Coronin 1C-deficient IECs.
To test whether depletion of Coronin 1C affects cell-matrix adhesion we used two types of ECM: collagen-I and ECM gel (Sigma) composed of laminin, collagen-IV, and entactin. Coronin 1C-depleted cells attached more readily to the ECM gel (2.18±0.16 fold increase) and showed enhanced spreading (2.46±0.15 fold cell surface area increase) following adhesion to ECM compared to control siRNA-transfected cells (Fig. 2B,C) . Similar results were obtained on collagen-I and in another intestinal epithelial cell line, Caco-2 (data not shown). Conversely, over-expression of WT Coronin 1C dramatically (2.72±0.18 fold) decreased the number of adherent cells and attenuated their spreading (1.33±0.13 fold decrease in cell surface area) compared to cells transfected with control vector only (Fig. 2D,E) . Together, these data suggest that Coronin 1C negatively regulates adhesion and spreading of IECs.
Cells adhere to the ECM by forming specialized multiprotein complexes known as focal adhesions (FAs) that consist of transmembrane integrins, and cytosolic scaffolding and regulatory proteins [4] . Therefore we next examined whether Coronin 1C depletion effects formation of FAs by visualizing the FA marker, Tyr118-phosphorylated (activated) paxillin in spreading IECs. Depletion of Coronin 1C dramatically increased the surface area of FAs and altered their topography towards more dense distribution at the cells periphery (Fig. 3A, Suppl.  Fig. 1 ). These results were consistent with increased levels of total and Tyr118-phosphorylated paxillin in Coronin 1C-deficient IECs (Fig. 3B ).
Since phosphorylation of paxillin is mediated by focal adhesion kinase (FAK), and FAK signaling plays a central role in regulating both cell-matrix adhesion and cell motility [21] , we investigated the role of FAK in adhesiveness and migration of Coronin 1C-depleted IECs. Down-regulation of Coronin 1C resulted in increased activatory phosphorylation of FAK at Tyr397 following attachment to and subsequent spreading on ECM (Fig. 3B) .
To determine whether the effects of Coronin 1C depletion on cell-matrix adhesion and migration were FAK-dependent, we performed a single FAK-, and dual FAK/Coronin 1C siRNA-mediated knock-down in SK-CO15 cells. Importantly, down-regulation of FAK protein expression (∼90%) alone did not significantly influence the level of phospho-paxillin ( Fig. 3B ) and the number or distribution of FAs in adhering/spreading IECs (Fig. 3C, Suppl.  Fig. 1 ). Additionally, depletion of FAK did not significantly affect cell-matrix adhesion (Fig.  3D ), cell spreading (Fig. 3E) , and IEC migration ( Fig 4A) . These data suggest that FAK is not required for basal adhesion and motility of IECs and reflect functional redundancy in multiple FAK-mediated signaling pathways [21] . Indeed, the complexity of FAK-mediated signaling is highlighted by a variety of reports showing either negative, or neutral, or positive role of FAK activity in adhesion and migration in different cell types [22;23;24] .
However, loss of FAK protein expression effectively reversed major effects of Coronin 1C down-regulation on cell adhesion and migration. Thus, double knock-down of Coronin 1C and FAK efficiently prevented paxillin hyperphosphorylation (Fig. 3B) , as well as an increase in number and changes in distribution of focal adhesions (Fig. 3C, Suppl. Fig. 1 ) caused by Coronin 1C depletion alone. Consistent with these results, depletion of FAK reversed increased cell-matrix adhesion (Fig. 3D) , spreading ( Fig. 3E ) and motility (Fig. 4A) of Coronin 1Cdeficient cells. All together, these data suggest that FAK-mediated signaling is a critical downstream component, which mediates negative effects of Coronin 1C on both cell-matrix adhesion and motility of IECs.
The negative regulation of cell migration and cell-matrix adhesion of IECs by Coronin 1C is somewhat unexpected, since Coronin 1B is required for persistent lamellipodia protrusion and efficient motility of fibroblasts and HEK 293 cells [11] , and depletion of Coronin 1C negatively regulates wound healing in fibroblasts [16] . Our results can be reconciled with previously published data by proposing a dual mechanism of Coronin 1C-dependent regulation of cell migration. Indeed, a delicate balance between actin-mediated protrusion of lamellipodia and cell-matrix adhesion is required for the efficient cell migration, and both insufficient and excessively strong matrix adhesion can impede cell motility [1;4;25;26] , Thus, Coronin 1C can either promote cell migration by increasing the rate of F-actin turnover at the leading edge [11;27;28] , or attenuate it by decreasing the avidity of cell-matrix adhesions (Fig. 4B ). We hypothesize that the prevalence of each regulatory mechanism is likely to be dependent on the cell type and migratory mode, being more pronounced in cells that are characterized by strong adhesion to each other and ECM, such as IECs, and less pronounced in poorly-adherent cells with a fast actin turnover.
To confirm this hypothesis, we studied the effects of Coronin 1C depletion on cell motility, cell-matrix adhesion and spreading in HeLa cells, which have an epithelial origin, but display fibroblast-like behavior. In contrast to IECs, knock down of Coronin 1C (Suppl. Fig. 2A) resulted in significantly (1.4±0.1 fold) attenuated migration of HeLa cells (Suppl. Fig. 2B ). This result is in good agreement with previous reports showing a positive role of coronin family members in regulating cell motility of fibroblasts and HEK 293 cells [7; 16] . Importantly, depletion of Coronin 1C had no apparent effect on either cell-matrix adhesion, or spreading of HeLa cells (Suppl. Fig. 2 C,D) , which further supports our hypothesis on distinct mechanisms underlying anti-migratory and pro-migratory roles of coronins in different cell types.
Further studies are required to dissect the molecular mechanism(s) responsible for Coronin 1C-dependent inhibition of FAK signaling. One possibility is that Coronin 1C forms a ternary complex with actin, Arp2/3 and FAK. Indeed, a direct interaction between Arp2/3 and FAK has been reported to coordinate integrin signaling and actin dynamics [29] , and coronins are binding partners for Arp2/3 complex [7;10;16]. However, we failed to co-immunoprecipitate Coronin 1C with FAK, and our immunolocalization studies revealed no co-localization of Coronin 1C with P(397)FAK and P(118)paxillin at focal contacts in both wounded and spreading IECs (our unpublished data). Another possibility is indirect regulation of FAKmediated signaling via adaptor proteins involved in linking integrin-mediated focal contacts with the cytoskeleton, such as vinculin, which has been shown to co-localize and coimmunoprecipitate with neuronal tissue-restricted Coronin 2B (Clipin C) [30] . Understanding the regulatory mechanisms of Coronin 1C action will provide a deeper insight into the basic mechanisms underlying both cell motility and cell-matrix adhesion. Coronin 1C increases the rate of actin filament turnover by regulating Arp2/3/cofilin-dependent actin polymerization/disassembly. Alternatively, Coronin 1C suppresses FAK signaling leading to decreased cell-matrix adhesion. The resulting effect of these two signaling pathways on cell motility would be dependent on the dynamic equilibrium between lamellipodia protrusion and adhesion of protruded lamellipodia to ECM.
